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Complete fusion (CF) and incomplete fusion (ICF) reactions were studied for the cases of the loosely
bound ®He and °Li projectiles bombarding *%®Er and %°Ho targets at energy of about 10 MeV/nucleon.
Experiments were carried out to test an approach exploiting the measured intensities of v rays emitted at
the transitions between the yrast-band levels of reaction products formed after the termination of neutron
evaporation. Partial waves feeding the CF reactions ®*Ho (°Li, 5n) ¢ Yb and '%®Er (°He, 6n) °°Yb as
well as ICF '®>Ho (°Li, a:3n) '®*Er and '%°Er (°He, a4n) **Er reaction channels were revealed from the
obtained ~y-ray data. The method of exit channel identification via the triple coincidence (y1—~y2-light
charged particle) was employed for these reactions study.

Pe KM TOJHOTO M HETONHOTO CIMSHMS M3yd JIMCh JUISL CIyd €B cll GOCBA3 HHBIX CH psioB °He
u Li, 60M6 prupyromx mumenn 5CEr u '°Ho npu sueprim okono 10 MaB/Hyki1. DKCriepiuMeHTs!
GbUTH CHEeT Hbl C LENBbI0 [POBEPKH HPUMEHHMOCTH METOJ HW3MEPeHHS] OTHOCHTENbHBIX HWHTEHCHBHO-
CTeil T MM -KB HTOB, MCIYLICHHBIX IIPH IIEPEXOX X C BO30YXICHHBIX YPOBHEIl Hp CT-IIOJNIOCHI HOCIE 3 -
BepLICHHSI [IPOLIECC HCI PeHUsl HeUTPOHOB. I pLy JIbHBIC BKJI JBI, CBOMCTBEHHBIC pe KLHSM IOJHOIO
crmsms “%Ho (°Li, 5n) '%6Yb u %°Er (°He, 6n) '°°Yb, T k e kK kK u K H 7T M pe Kiil HEMOIHOro
crmsma %5 Ho (°Li, a3n) '*Er u '°SEr (SHe, adn) '®*Er, Gbutn u3Bneuensl u3 MOTy4eHHBIX JI HHBIX
I MM -CIIEKTPOB. BBUT HCIIONB30B H METOA MACHTH(UK LHH BHIXOAHBIX K H JIOB pe KIHMil IIOJHOTO U He-
IIOJIHOTO CJIMSHUSL 3 CYeT TPOHMHBIX COBI JeHHH (yl—~y2—JIerk st 3 psKeHH sl 9 CTHIL ), ITO3BOJISIIOLIMIA
H3y4 Thb OTH Pe KIHH.

PACS: 25.60.-t; 25.70.Jj; 25.70.Mn
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INTRODUCTION

Fusion reactions of loosely bound stable and unstable nuclei, such as °Li, "Li and °Be,
and radioactive *He and ''Be possessing neutron halos, were repeatedly studied both ex-
perimentally and theoretically, see reviews in [1-3]. Experiments were mostly designed to
measure the CF and ICF reaction cross sections at different projectile energies below and
above the Coulomb barrier. Comprehensive measurements of the CF and incomplete fusion
(ICF) cross sections were reported in [4] for the SLi+ 299Bi, "Li+ 2°°Bi, and ?Be + 20%Pb
reactions. Besides the observation of the radioactive decay of the product nuclei, which were
formed in these reactions, the yields of different evaporation residues could be measured also
by detecting either the delayed X rays [5] or characteristic prompt ~y rays [6].

As compared with the expectations of single-barrier penetration models and coupled chan-
nel calculations, leaving aside couplings to the continuum states, the measured CF cross
sections are higher at energies below Coulomb barrier and lower at the above-barrier en-
ergies. The CF cross section suppression for weakly bound systems at energies above the
barrier implies that a part of the flux expected to feed the CF goes to breakup and, at least,
partly manifests itself in the ICF. In this situation, other experimental approaches based on
new observables are highly desirable.

We performed experiments aimed to test an approach exploiting the measured intensities
of ~ rays emitted at transitions between the yrast-band levels of reaction products formed
after the termination of neutron evaporation. This seems to be promising for getting access
to the spin distributions in the excited nuclei formed in the CF or ICF reactions. As regards
the information on the ! dependence of transmission coefficients 7;(E), the reliability of this
approach was demonstrated in the studies of CF reactions induced by tightly bound nuclei *He,
12C and 50 on medium mass targets [7, 8].

In light of the quite similar wave functions given for *He and SLi by the three-body theory
model [9], it will be of special interest to study the reactions induced by the beams of these
loosely bound nuclei in comparison with the *He projectile. Cross sections for the 2n,3n
and 4n evaporation in the '%°Er (*He, zn)!"~%Yb reactions were measured and analyzed
in [7 and Refs. therein]. So, our interest was focused on the 6n and 5n evaporation channels
in the reactions '°SEr (°He, 61) 16Yb and '%°Ho (°Li, 5n) 1°°Yb resulting in the same well-
known residual nucleus '°6Yb. The addition of the SLi + '%°Er reaction makes specific interest
because in this case one can easily identify the products of the SLi breakup ending with the
capture of its o cluster by '°°Er. This is much more difficult to attain in the case of the
6He + '9Er reaction because the same products are formed in the complete and partial fusion
reactions.

1. EXPERIMENTS

We studied CF and ICF reactions occurring in the collisions of a 64-MeV SHe beam with
166Er and a 58-MeV beam of SLi ions with 19Ho and 'CEr targets. Experiments were carried
out at a beam line of the «Dubna Radioactive Ion Beams» facility (DRIBs) [10]. The ion beam
(either %He or ®Li) was focused in a 15-mm spot on the target. The targets were the layers
of Ery03 (7.5 mg/cm? thick) or HooO3 (5 mg/cm? thick) deposited on 11-x Al foils. The
166Er isotope was of 95% enrichment in the erbium target. Gamma rays emitted by reaction
evaporation residues, stopped in the target or in its backing, were detected by six coaxial, HP
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Fig. 1. View of the experimental setup is shown on the panel a. The beam comes from the right
side. By Arabic numerals are indicated: 7 — target (1°Ho or %SEr); 2 — reaction chamber with the
detectors inside; 3 — neutron detectors array; 4 — v detectors array. Panels b and ¢ show back and
front side views of the silicon telescope together with monitor detector respectively installed inside the
box in the beam axis downstream from the target

Ge detectors [11] from the French-UK loan pool. Each Ge crystal was surrounded by the
BGO Compton suppression array. The BGO crystals were 70 mm in diameter and height and
looked at the target from the upstream side and being inclined by 45° towards the beam axis.
A distance of 15 cm was set between the target and the front end of each BGO detector. It was
a new geometry for the GABRIELA ~-array [12]. An annular telescope composed of one
0.3-mm and two 1-mm Si strip detectors (all with 32 and 82 mm in inner and external
diameters, respectively) was used to detect charged particles emitted from the target in forward
direction with respect to the beam axis. The first layer was segmented in 16 rings and
16 sectors, while each of the other layers had only one common ring and 8 sectors. The
telescope covered a range of polar angle # = 9.5—42.0°. An array of neutron detectors
consisting of eight units of the ToF spectrometer DEMON [13] was installed close to zero-
angle direction, 1.5 m far from the target. It was used as an auxiliary device to test the
detection method suitable for neutrons emitted at the projectile break-ups. The experimental
setup is schematically shown in Fig.1. An additional detector for the beam monitoring
consisting of 0.5-mm BC404 plastic coupled with Hamamatsu R1924 PMT was installed on
the beam axis downstream from the Si telescope (it is shown in top incision).

Single « rays with energy E, =~ 90 keV were detected by one Ge module in the full
energy absorption peak with probability 1.3%. The detection efficiency dropped to 0.15%
at £, ~ 1000 keV. The peak width (FWHM) obtained for 200-500 keV ~ rays was about
3.2 keV. Pair coincidences of 7 rays detected within a 70-ns time interval triggered data
acquisition. The same time was set for the charged particles detected in coincidence with the
trigger. An auxiliary trigger used to monitor the beam intensity by the elastically scattered
beam nuclei originated from signals taken from the front detector of the charged particle
telescope. The beam intensity was maintained at a level of 5-10% s~!. In each of the
two main runs aimed at the observation of CF and ICF in the '%SEr +6He and '®°Ho + SLi
reactions, the total acquired beam doses made about 2 - 1012, About the same beam dose was
collected in the case of the '®Er 4 ®Li reaction which was used for the ICF observation.
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2. RESULTS AND DISCUSSION

Coincidence peaks were revealed in the two-dimensional vy-ray spectra built in the E.;
versus F,o plane. The count numbers obtained within individual v— peaks were estimated
using the approach presented in [14]. First, we present the data on the '56Yb ~ rays detected
for the 1%°Ho + °Li and '5Er + ®He reactions.

When holmium was bombarded by SLi the '%6Yb nuclei could be produced only in the
165Ho (SLi, 5n) 190YD reaction. We succeeded to measure intensities for the y—~ coincidence
peaks corresponding to the 7 rays emitted at transitions between the levels of the '96Yb
ground-state band and band 8 (according to notations in [15]). This provided direct access to
the intensities of + rays emitted from specific levels of 1%6Yr. These intensities obtained for
the 1%°Ho (°Li, 5n) 1%°Yb reaction are presented in Fig. 2, a.
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Fig. 2. Relative intensities of '6Yb ~ rays emitted from the levels of the ground-state band (squares)
and band 8 (triangles). Solid and dashed lines show the results of calculations done with the code
EMPIRE [13] (see text). Panels a and b show the results obtained for the reactions '°Ho (°Li, 5n) 16 Yb
and '%°Er (He, 61) 19 Yb, respectively

Similar data were obtained for the '%CEr + SHe reaction where '°Yb was mostly produced
as a result of the 6n evaporation reaction channel '%°Er (°He, 6n) 1°6Yb. However, incomplete
fusion with the o core of He captured by the target nucleus (and the two halo neutrons flying
forward as spectators) could contribute in the data observed. We estimated this contribution
starting from the intensities of the '9Yb ~ rays recorded for the '%°Er + SLi reaction. Using
the y— spectrum recorded in coincidence with deuterons and protons, we got the v—~ peaks
of 166Yb which were free from the background caused by the electron capture decays of the
166y isomers which could be formed in the %SEr (°Li, 6n) 'Lu reaction. A calculation
done with the EMPIRE code [16] made us sure that the effect of the %SEr (°Li, p5n) reaction
was negligible. As a result, the effects of the ICF reactions associated with the capture of
either the SLi or ®He « clusters by the '®Er nuclei were estimated to be less than 10% as
compared to the intensities of the 156Yb ~ rays measured for the *®*Ho (°Li, 5n) 16Yb and
166Er (SHe, 61) 156Yb reactions. The corresponding correction was done for the case of the
latter reaction. The so obtained 7-ray intensities for the %CEr (°He, 6n) 1°°Yb reaction are
presented in Fig. 2, b.

We followed the approach presented in [7, 8] to deduce, relying on the measured intensities
of 1%Yb ~ rays, the spin distributions of the highly excited '"2Yb* and '"*Yb* compound
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nuclei formed in the '5SEr +%He and '%°Ho + °Li reactions. Calculations were done using
the code EMPIRE [16]. Firstly, we took the default mode suggested in this code where the
CF cross section is calculated by means of the simplified Coupled-Channels approach [17]
(CCFUS code). The spin dependences of the v-ray intensities that followed from these
calculations for the 1%*Ho (°Li, 5n) 16Yb and 1°Er (He, 6n) 16Yb reactions are shown with
dashed lines in Figs.2,a, b. The poor agreement of these lines with the experimental points
is evident. In view of this discrepancy, we carried out calculations in an EMPIRE mode
allowing one to obtain the «-ray intensities by specifying the critical angular momentum I,
and diffuseness parameter D;. We made x? fits to find the I., and D; values resulting from
the best fits to the data, see the table. The solid lines in Figs. 2, a, b show the spin dependences
of the ~-ray intensities obtained from these fits. As a result, we define the suppression factor
to the CF cross section as the ratio of the cross section deduced from the obtained [., and
D; values (column «x? fit to experiment» in the table) to the cross-section value calculated
with EMIRE default parameters. The data show obviously that the suppression factor for the
166Er + SHe reaction is larger than the value obtained for the 1°Ho + ®Li case. One could
conclude that this meaningful difference reflects the projectile properties from the point of
view of the fusion probability. A reasonable assumption is that in the high angular momentum
region incomplete fusion and/or break-up became the main reaction channels and it is more
preferable for manifestation in the '®Er 4 ®He case.

Results obtained from calculations done with code EMPIRE [16] employing the data of Figs.2,q, b.
The ratios of the CF cross-section values obtained as the EMPIRE default results (column 2) and
from the x? fits (column 3) are presented in column 4 as the CF suppression factors. Other notations

are in text
Reaction/beam Otus, Mb/ler, P CF suppression Tan, mb/ Dy, h
energy, MeV EMPIRE | 2 fit to factor EMPIRE | 2 fit to
default | experiment default | experiment
166Er (°He, 6n) /64| 2490/39.0 | 731/19.3 3.41 881/1.5 | 254/1.5
165Ho (°Li, 5n) /58 | 1770/32.5 | 737/18.6 2.40 656/0.2 | 244/0.4

Specific information could be obtained for ICF in the '°Ho + ®Li and '*Er+5He systems.
We note that the experimental arrangement provided the observation for the clusters appearing
at the projectile break-ups associated with the incomplete fusion process. Energy spectra
measured for the detected “He nuclei are shown in Fig.3. Notable are their quite narrow
widths and the most probable energies consistent with the break-up mechanism. More specific
will be to compare these spectra with simulations assuming the projectile break-up, leaving the
« cluster to run quasi-free, while another cluster is captured by the target. Such simulations
were done with the Hulthén wave function (WF) of deuteron adapted for 6Li. For He we
used the WF from [18].

It appeared that the «di-neutron» component of the ‘He WF resulted in the best fit to
the measured spectrum of Figs.3,b. The spectra in Figs. 3, a, b testify to the ICF reactions
as the source of the recorded “He nuclei. Evidently, contribution from the transfer reaction
mechanism to the intensities of + rays emitted by such an evaporation residue as is the '%4Er
formed in the '%Ho(°Li, a3n) and 'CEr (GHe, a4n) reactions should be vanishing. Besides



Study of Complete and Incomplete Fusion for Loosely Bound Projectiles 811

1.0
a b

0.8 -
=t L
<
0.6 -
=]
g L L
<
©041 o

0.2+ -

0 1 | L 1 L 1 L 1 L 1 L 1 L 1
20 30 40 50 60 20 30 40 50 60
Alpha particle energy, MeV Alpha particle energy, MeV

Fig. 3. Energy spectra of “*He nuclei. Thick solid lines in panels a and b show the spectra measured for
the '%5Ho + ®Li and ®°Er + %He reactions, respectively. The cut-offs seen at about 25 MeV are caused
by the lack of « particles stopped in the first, 300 u telescope detector. Shadowed histograms show the
results of simulations (see text)

the comparison between the spectra shown in Figs.3,a, b this is verified by the fact that
these 3n and 4n evaporation reactions require the formation of 'S"Er* and 'S®Er* nuclei
excited to 30-40 and 35-50 MeV, respectively. Hardly, the deuteron or «di-neutron» transfer
mechanisms could populate so highly excited states in these nuclei.

The intensities of ~ rays emitted from the levels of the ground-state band of '64Er
originating from the '°Ho (°Li, a3n) and *°SEr (°He, adn) reactions are shown in Figs. 4, a, b.
In view of the small values of critical angular momentum (I.,) obtained for the CF cross
section it appeared reasonable to analyze the '“Er data, assuming that the ICF reaction can
be characterized by two parameters lc; min and l¢; max responsible for the cut-offs occurring
on both the small (I¢;min) and large (Icy max) sides of the orbital momentum distributions.
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Fig. 4. Relative intensities obtained for the '**Er  rays emitted from the levels of the ground-state band
(the experimental points are presented by squares). Solid lines show the fits done with TALYS [19] (see
text). Panels a and b show data for the reactions *°*Ho (°Li, a3n) and °°Er (°He, a4n), respectively

In the fits done for the 'S“Er data we approximated the values of these parameters as
leymax = kmax B2 and lopmin = I<;mmE1/2 and the two parameters, kpyax and kyi,, were
fitted. The energy E of the virtual deuteron («di-neutron») captured by the target nucleus
followed from the excitation energy of 'S7Er* ('®Er*) which, in its turn, was fixed provided
that a “*He energy value was selected. The fits were done in series taking different energy
bins shown in Fig.3 and summing the results. Diffuseness parameters were fixed to be
Dimin = Dimax = 0.5.
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Fig. 5. Partial waves contributions in the ICF cross section feeding reaction channels ***Ho (°Li, a3n)
and '°°Er (°He, adn) are shown by the solid and dashed curves, respectively

Intensity distributions obtained from these fits are shown by curves in Figs.4,a, b. From
the x? fits we got the following values for the parameters governing the lower and higher
orbital momentum cut-offs: kmyin = 0.3, kmax = 3.2 for the case of the ®*Ho (°Li, a3n)
reaction and kpin = 0.5, kmax = 3.9 for the reaction 1%6Er (“He, aidn). Taking these particular
values, one comes to the distributions of partial cross sections which contribute to the yields
of these ICF reaction channels. These distributions are presented in Fig. 5.

CONCLUSION

In summary we note that the results of these experiments testify to the reasonable con-
clusions made, within the approach adopted in our work, on the CF cross sections of the
loosely bound ®Li and ®He nuclei. Firstly, kinematically complete experiments including the
measurement of gammas, neutrons and light charged particles were carried out. The values
derived in this work for the CF cross sections are consistent with similar data obtained for
the CF reactions in the works where these cross sections were measured in a common way.
It has been shown that this approach gives access to the partial wave distributions between
the CF and ICF reaction channels. The beam energies were well above the fusion barrier in
this work. However, our data show that similar measurements are feasible for the near-barrier
and sub-barrier beam energies.
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